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GENERAL INTRODUCTION 
Potassium (K) Is the seventh most abundant element in the earth's 
crust (Dott and Batten, 1981). The amounts of potassium, however, vary 
from an average of 2.3-2.6% (w/w) in the total lithosphere to only 0.83-
1.4% in soils (Rich, 1968; Dott and Batten, 1981). Obviously, pedogenesis 
involves a considerable loss of potassium. On the other hand, the fact 
that potassium is still so abundant in soils indicates that its mineralogy 
and chemistry offers considerable resistance to its loss (Lindsay, 1979). 
Potassium is also one of the most essential nutrient elements required for 
plant growth. As a result, the occurrence, behavior, and plant avail­
ability of K in soils have been studied extensively since the beginning of 
this century. Most of this work has been reviewed recently by Munson 
(1985). 
Soil K is usually categorized in terms of its existence in three 
forms in the soil: water-soluble, exchangeable, and nonexchangeable. 
Water-soluble K includes the amount that is present in the soil solution 
at a given moisture level. This portion of the K is usually very small 
and accounts for less than 0.05% of the total soil K. But it can play 
an Important role in plant nutrition because it can move to the plant 
root by diffusion (Nye, 1979) or mass flow (Barber, 1962; Mengel and 
Kirkby, 1980). Exchangeable K is the fraction that is adsorbed on the 
surfaces of soil colloids and is subject to exchange by other cations 
when contact between soils and neutral salt solutions is established for 
relatively short periods of time. This portion of K is estimated to 
make up about 0.4% of the total soil K. The third category, non-
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exchangeable K (98-99% of the total soil K), is the portion of K in the 
soil that is located in the interlayers or structure of primary and 
secondary minerals such as mica and illite, and is not easily extracted 
with neutral salts. It has been concluded from many studies that the sum 
of water-soluble and exchangeable K provides a good measure of the plant 
available K (Seay et al., 1949; Conyers and McLean, 1969). However, it is 
well known that nonexchangeable K can also be utilized by plants when 
soils are cropped intensively or the K is released by various weathering 
processes (Sparks and Huang, 1985; Memon et al., 1988). Hissink (1925) 
reported that an equilibrium among the three categories of K tends to 
exist in soils. Therefore, any change in one of the K forms can cause 
an associated alteration in the other two. 
Various methods have been developed to characterize the different 
forms of soil K. These methods generally differ in terms of the extract­
ing agents and procedures employed. Determination of K in the solution 
portion of a 1:5 mixture of soil in H^O (weight basis) has been reported 
to give a good estimate of the water-soluble K in the soil (Parker, 1921), 
but this form is usually determined in conjunction with the exchangeable K 
because the amounts are small and are readily altered by the extraction 
method. Solutions of neutral 1 M NH^OAc are commonly used to extract the 
exchangeable K in soil testing laboratories. Other neutral salts (e.g., 
NaCl, BaClg) have also been used, but the results often differ from those 
obtained with NH. salts. These differences have been attributed to a non-4 
uniform distribution of the exchangeable K over planar and edge-interlayer 
sites of clay minerals, and the fact that K on planar sites are readily 
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replaced by all cations whereas more of the K ions on edge-interlayer 
sites are replaced by ions (Bolt et al., 1963; Rich and Black, 1964). 
Successive or prolonged soil treatments with salt solutions that contain 
low levels of fixable cations can be used to extract portions of the non-
exchangeable K, but sodium tetraphenylboron (NaTPB) solutions (Scott 
et al., 1960; Scott and Reed, 1962a,b) and various acids (Hilgard, 1906; 
Fraps, 1921, 1927; Sutton and Seay, 1958) are more effective. 
Relationships between the chemically extractable forms of soil K 
and the ability of soils to provide adequate K for plant growth have been 
studied (McLean and Watson, 1985). While it is frequently reported that 
the amounts of NH^-exchangeable K in soils give one of the best measures 
of the plant-available K in soils, it has been found that NaTPB-extractable 
K can be highly correlated with the plant uptake of K in some soils 
(Quemener, 1974). Similar conclusions have been reported for acid-
extracted K; especially with boiling 1 M HNO^ and successive extractions 
(Pope and Cheney, 1957; Lease, 1981; McLean and Watson, 1985). In recent 
years, an electro-ultrafiltration (EUF) extraction method has been 
developed to determine the availability of soil K (Nemeth, 1979). The 
main attribute of this method is that it can identify different fractions 
of the soil K in terms of their bonding energy by varying the applied 
voltage and treatment periods. 
To obtain an accurate estimate of the level of plant available K in 
soil and the ability of soil to maintain a supply of available K, the 
dynamic equilibrium between K in'the soil solution and K adsorbed on the 
soil colloid particles has to be considered and Included in soil test 
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methods and Interpretations (Beckett, 1971; Quemener, 1979; Bertsch and 
Thomas, 1985). The various methods of chemically extracting soil K, 
however, fail to do so because they determine discrete portions of the 
soil K. Therefore, Beckett (1964) introduced the concept of using 
quantity-intensity (Q/I) relationships instead. When soil samples are 
equilibrated with a series of solutions that have the same CaClg concen­
trations but differ In KCl concentrations, a gain or loss of the added 
K takes place. After an equilibration period, the soil-CaClg mixtures are 
characterized in terms of the change in added K (AK) and the activity 
1/2 
ratio (AR), usually (3%/(3ca+Mg) )' in the equilibrated suspension. 
The AK values and activity ratios are identified as quantity (Q) and in­
tensity (I) terms, respectively, and their relationships are expressed in 
the form of Q/I curves. Various Q/I parameters can be derived from these 
Q/I curves and shown to be useful in understanding, characterizing and 
evaluating the K status of soils (Beckett, 1964; Le Roux, 1966; Beckett 
and Nafady, 1967, 1968; Moss, 1967; Rasnake and Thomas, 1976; Sparks and 
Huang, 1985). Some workers have even used Q/I parameters to make recom­
mendations about the addition of K fertilizers (Zandstra and MacKenzie, 
1968; Wild et al., 1969; Beckett, 1972; Fergus et al., 1972; Sinclair, 
1979; Lin, 1987). However, the Q/I approach has been deemed too tedious 
for routine soil testing because it Involves a laborious procedure and 
lengthy analytical measurements (Flossman and Richtef, 1973; Quemener, 
1979; Bertsch and Thomas, 1985). Clearly, better methods of determining 
the levels and dynamics of soil K under a variety of soil conditions are 
needed. 
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Gravimetric, colorimetric, and titrlmetrlc methods of analyses 
dominated the wet chemical procedures that were used in the determination 
of potassium before 1950 (Korenman, 1969). These methods provide a high 
degree of accuracy and precision and are still used as a reference in the 
evaluation of new techniques, but they are time-consuming and not well 
suited for many of the K analyses needed today. With the introduction of 
the flame photometer in the early 1950s, atomic emission spectrometry 
(AES) became the analytical method of choice for K analysis (Ure, 1983). 
Indeed, the AES and subsequently developed atomic absorption spec­
trometry (AAS) methods have remained the dominant ones in most agricultural 
and clinical laboratories for nearly 30 years. Recently, ion chroma­
tography (IC) has been used to determine soil K (Basta and Tabatabai, 1985). 
However, all these methods have common limitations in that they are not 
suited for measurements of potassium variability within samples, they in­
volve "destructive" analyses, i.e., the original sample cannot be retained 
for further study, and they are not adaptable to ^  situ analyses or the 
monitoring of K exchange. 
Fortunately, methods of electron probe microanalysis (EPMA) and in­
strumental neutron activation analysis (INAA) have been developed and 
proven suitable for the determination of K as it exists in solid samples 
of mica and soil, respectively (Rasmussen and Knezek, 1971; Salmon and 
Cawse, 1983). In addition, advances in ion-selective electrode (ISE) 
technology have resulted In the development of potentiometrlc methods of 
determining K in soil extracts and suspensions (Bailey, 1976; Tallbudeen 
and Page, 1983; Yu, 1985). Advantages provided by ISEs include 
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(1) simple, nondestructive analyses, (2) measurements of ion activities 
or concentrations, (3) automated analyses, (4) continuous monitoring 
capabilities, and (5) possible jji situ determinations of ions. Thus, it 
is expected that the advent of K-ISEs with high K selectivity will pro­
vide an excellent means of carrying out routine K analyses and lead to 
new ways of characterizing the various forms, reactions and relevance 
of K in soils and minerals (Farrell, 1979, 1985). 
Objectives 
The objectives of this study were to develop and evaluate a poten-
tiometric method of determining soil exchangeable K in soil suspensions; 
to compare and improve methods of potentiometrically determining Q/I 
relationships for K in soils; and to determine the effects of experi­
mental procedures on the Q/I results obtained for soil K with ISE methods. 
Current Information and Related Work 
An ISE has been defined by the Commission on Analytical Nomenclature 
of the International Union of Pure and Applied Chemistry (1976) as an 
electrochemical sensor, the potential of which is linearly dependent on 
the logarithm of the activity of a given ion in solution. However, no 
ISE responds exclusively to the ion it is designed to measure, but it is 
usually more responsive to this primary ion than to others (Bailey, 1976). 
The response of an ISE to its primary ion in the presence of interfering 
ion can be described by the extended Nicolsky equation (Bailey, 1976): 
E = eJ + |~. in [a^ + E k^ jt (aj)Bi/%j] (1) 
where E Is the electrode potential and E° is the standard potential of 
the electrode; R, T, and F are the gas constant, absolute temperature, 
and Faraday constant, respectively; Z^, a^, and , a^ are the valence 
and activity of the primary ion 1 and interfering ions j, respectively; 
Pots 
and is the potentiometric selectivity coefficient, which defines 
the ability of an ISE to distinguish between the primary and interfering 
ions in the same solution (Bailey, 1976). For a situation where a^ >> 
kj°^ the Nicolsky equation is reduced to the classical 
Nernst equation: 
B = s; + in a; ( 2 )  
which, for a system with a monovalent cation in solution at 295.2 K, 
predicts a 58.6 mV potential response for each 10-fold change in a^^. 
ISEs have been classified into five categories on the basis of the 
ion-selective materials: (1) solid-state membrane electrodes based on 
single crystals, pressed polycrystalline pellets, and heterogeneous 
precipitates; (2) glass membrane electrodes, formed from aluminosilicate 
glasses; (3) liquid ion-exchanger membrane electrodes consisting of an 
organic water-immiscible liquid phase incorporating mobile ionic or 
ionogenic compounds; (4) neutral carrier liquid membrane electrodes 
consisting of an organic solution of a neutral, ion-specific complexing 
agent in an inert polymer matrix; and (5) miscellaneous electrodes, includ­
ing gas-sensing and enzyme electrodes, and ion-sensitive field effect 
transistors (ISFETs). ISEs are also classified in terms of the ion to 
which the electrode is particularly responsive. 
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The earliest K-ISEs were developed with zeolite, clay, and 
collodion membranes (Marshall, 1939; Marshall and Bergman, 1941, 1942; 
Marshall and Krlnblll, 1942). These electrodes were soon abandoned 
because they had a very poor K selectivity. A few years later, the 
possibilities of using glass membrane electrodes were reported by 
Elsenman (1965). It was found that glass composition of 27 mol % Na^O, 
4 mol % AlgOg, and 69 mol % SiO^ exhibited the greatest selectivity for K. 
During the same period, a variety of K-ISEs were also developed based on 
the incorporation of different organic (Tendeloo and Krlps, 1959) and 
inorganic (Fogg et al., 1974) ion-exchangers and ion-resins (Woermann 
et al., 1956) in paraffin, plastic, and silicone rubber matrices, but 
these methods of preparing K-ISEs were only marginally successful. A 
major change in the potential for selective K-ISE occurred in 1964, when 
Moore and Pressman (1964) in unrelated biochemical research found the 
neutral macrocycle vallnomycin has a high selectivity for K. Soon 
thereafter, the first K-selectlve liquid membrane electrode, using a 
filter disc saturated with vallnomycin in diphenyl ether, was described 
by Ploda et al. (1969). These electrodes yielded selectivity ratios of 
10000:1 for K over Na and 100:1 for K over NH^ as compared to ratios of 
10:1 and 1:1, respectively, for the glass membrane electrodes (Bailey, 
1976). However, these electrodes were also generally Inconvenient to 
handle and service, and had a relatively short "life-span" of just a 
few weeks (Morf et al., 1973). Such limitations were overcome, however, 
by successfully incorporating th'e vallnomycin into PVC (Fiedler and 
Ruzicka, 1973) and silicone rubber (Pick et al., 1973). Other macrocycllc 
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compounds, such as the "crown ethers" discovered by Pederson (1967), 
have also been used to prepare K-ISEs (Rechnitz and Eyal, 1972; Masclni 
and Pallozzl, 1974), but they yielded little or no advantages over the 
vallnomycin-based electrodes. More recently, some derivatives of these 
crown ethers have been synthesized and shown to have relatively higher 
selectlvities for K over NH^ (Kimura et al., 1979, 1984; Yu et al., 
1982). In addition, a reduction in the size of K-ISEs has been achieved 
by the preparation of "coated-wire electrodes" and "micro-electrodes" 
which have proven useful for specific working conditions (Cattrall and 
Hamilton, 1984; Tarcall et al., 1985). 
In 1961, Mortland first used a catlonic glass electrode (CGE) to 
determine Mg-exchangeable K in soil suspensions. In general, the CGE 
yielded values that were greater than those obtained by analyzing super­
natant solutions with AES. These differences in K values were attributed 
to the effects of Na and NH^ on the CGE (Bailey, 1976). Even so, CGEs 
have been used to determine K activities In aqueous soil suspensions and 
pastes (Krupskiy et al., 1974a,b), to determine the rate of K exchange on 
clay minerals (Malcolm and Kennedy, 1969), and to measure K status at the 
Interface between soils and roots (Xu and Liu, 1982). 
As shown by various reports, the effects of NH^ on K-ISEs can be 
reduced by maintaining a very high solution pH (Jacobson, 1966; Farrell 
and Scott, 1987) and by complexing the NH^ with formaldehyde in mildly 
alkaline solution (Farrell, 1979; Vytras, 1979). On the other hand, the 
difficulties associated with vary.ing levels of Na in the soil solutions 
were not resolved until the new generation of valinomycin-based K-
10 
selective electrodes (VKEs) become commercially available. Thereafter, 
more and more use of K-ISEs in soils research has been reported. Banin 
and Shaked (1971) studied K activity-concentration relations in soil-
water extracts, Farrell (1979, 1985) determined the concentration of 
soluble and exchangeable K in soil extracts, and others measured K diffu­
sion coefficients in soils (Wang and Yu, 1989). In other experiments, 
Parra and Torrent (1983) and Wang (1986.) used VKEs to determine Q/I rela­
tionships for soil K, and Wang et al. (1988) and Yu et al. (1989) combined 
a VKE with a Ca-ISE to form an electrochemical cell and measured K-Ca 
activity ratios In soils. Although Farrell (1979) found the level of 
-4 
NH^ had to be <10 M to obtain accurate K measurements with the VKEs, 
it was later shown (Farrell and Scott, 1987) that difficulties with even 
higher levels of NH^ can be circumvented by using a modified standard addi­
tion technique. Clearly, as stated by Banin and Shaked (1971), the the­
oretical and technical advantages of using ISE methods of determining K 
justify further intensive research on this kind of electrode. 
Explanation of Dissertation Format 
The results of this dissertation are presented in three sections. 
Section I describes the development and evaluation of a potentiometric 
method of determining exchangeable K in soil suspensions. Section II 
compares three potentiometric methods of determining potassium Q/I 
relationships. Section III describes the effects of experimental proce­
dures and other factors on potassium Q/I measurements with ISEs. 
Each section is in the form of a journal article. Section I was 
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reported at the 1989 annual meeting of the American Society of Agronomy, 
and Section II has been accepted for publication by the Canadian Journal of 
Soil Science. The three sections on research that was carried out with 
K-ISEs are preceded by a general Introduction and followed by some general 
conclusions about the significance of the results. References cited in the 
General Introduction are specified in a separate list of Additional 
Literature Cited, which follows the Summary and Conclusions for the entire 
dissertation. This format is authorized on page 6 of the 1987 edition of 
the Iowa State University Thesis Manual. 
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SECTION I. DETERMINATION OF SOIL EXCHANGEABLE POTASSIUM USING 
ION-SELECTIVE ELECTRODES IN SOIL SUSPENSIONS 
13 
ABSTRACT 
Methods of determining soil exchangeable by mixing the soil with 
replacing salt solutions and analyzing the soil suspension with ion-
selective electrodes (ISEs) were developed and evaluated with 30 Iowa 
soils. From preliminary comparisons of the extracted by BaClg and 
NH^OAc solutions and by batch and leaching treatments of soils, it was 
established that suspensions of 5 g soil in 100 ml 0.5 M BaClg and single 
batch treatments of 1 hr should be used. The exchanged was determined 
with a K-selective, valinomycin-based PVC membrane electrode and electro­
chemical cells that did or did not include a liquid junction (the reference 
electrode being a double-junction reference electrode assembly with a 10 M , 
LiOAc salt bridge solution or a Cl-ISE, respectively). The Ba-exchangeable 
values were essentially the same when liquid junctions were or were not 
involved (no significant difference at o = 0.05, r = 0.999); a result that 
can be attributed to the beneficial effects of the salt bridge and the 
ionic strength of the extractant. Comparisons of these Ba-exchangeable 
results with those obtained by various combinations of batch or leaching 
treatments, BaClg or NH^OAc extractants and filtrate analysis by ISE or 
atomic absorption spectrometry showed they were all highly correlated 
(r^ 0.996) and not significantly different (a = 0.05). The selectivity of 
Po^ 
the K-ISE (k = 0.004) limited the interferences from indigenous soil 
in the BaClg suspensions to minor levels at the lowest levels of 
exchangeable K^. Overall, the results show potentiometric measurements of 
in soil suspensions can provide a simple, rapid, and reliable means of 
determining exchangeable in soils. 
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INTRODUCTION 
Methods of determining the exchangeable in soils have been studied 
extensively because they yield results that are commonly equated with lab­
oratory estimates of the plant availability of soil K. Usually, soil 
samples are leached with neutral 1 M NH^OAc and the extracted in the 
leachate is determined by atomic emission (AES), or atomic absorption (AAS) 
spectrometry. A batch extraction procedure in which the soil samples are 
treated with an increment of the extractant and filtrates are separated 
for K analysis, however, is often used and different extractants are em­
ployed with both procedures (Knudsen et al., 1982). Recent advances in 
the use of ion-selective electrodes (ISEs) with soils and improvements in 
the K-ISEs for determinations have also opened up additional ways of 
carrying out exchangeable measurements (Talibudeen and Page, 1983; Yu, 
1985). 
Mortland (1961) carried out some of the first ISE determinations of 
soil exchangeable with a cationic glass electrode (CGE). He mixed soil 
samples with 0.5 M Mg(0Ac)2 and determined the in soil suspensions with 
the CGE and in portions of the supernatant solution by AES. The correla­
tion between the two sets of exchangeable values was quite good (r = 
0.902). However, the results obtained with the CGE were considerably 
larger than those by AES. These differences in exchangeable K* measure­
ments were attributed to interfering effects of Na^ and NH^ on the CGE, 
which has selectivity ratios of only 10:1, 1:3, and 1:1 for over Na*, 
H^ and NH*' respectively (Beckman Instruments, Inc., 1971). This degree 
4 
of uncertainty about the characterization of soil K by ISEs persisted for 
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several years even though many methods of enhancing the selectivity of 
glass membrane electrodes and of coping with NH^ interferences were pro­
posed (Jacobson, 1966; Vytras, 1979). A major change occurred, however, 
when valinomycin-based K-ISEs were developed and made commercially avail­
able (Pioda et al., 1969; Fiedler and Ruzicka, 1973). These K-ISEs have 
selectivity ratios of 10000:1, 1000:1, and 100:1 for over Na^, H^, and 
NHj, respectively (Bailey, 1976). Thus, they are less subject to inter­
ferences from cations that are commonly encountered in soils and are prov­
ing very useful in soil K investigations (Banin and Shaked, 1971; Farrell, 
1979, 1985; Wang, 1986). 
As shown by Farrell and Scott (1987), accurate determinations of 
and Ba-exchangeable in soils can be achieved by analyzing soil extracts 
with electrochemical cells that combine valinomycin-based K-ISEs with a 
double-junction reference electrode assembly and a saturated LiCAc salt-
bridge solution. The NH^OAc extracts had to be diluted, pH-adjusted and 
analyzed with a standard-additions technique to reduce the interfering 
effects of NH^ enough to obtain these results. Problems with soil NH^ 
were also encountered with the BaClg extracts but were effectively 
eliminated by adjusting the solution pH to 11.6 with LiOH. The fact that 
both extracts had to be modified to achieve acceptable results did not 
bode well for plans to use soil suspensions for the exchangeable K^ deter­
minations. Indeed, any use of similar treatments witA the suspensions 
would surely change the degree of K^ exchange as well (Rich and Black, 
1964). Still, the benefits of eliminating the filtration step and using 
ISE procedures with soil suspension have been clearly established by the 
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quantity-intensity (Q/I) results that Wang et al. (1988) obtained with 
potentiometric methods. The feasibility of using this approach to simplify 
and hasten the determination of soil exchangeable K*, however, depends on 
the degree to which interferences from NH^ can be minimized. If modifica­
tions of the soil suspension are ruled out, an adequate enhancement in the 
selectivity of the K-ISE for K over NH^ must be relied on instead. 
K-ISEs have to be coupled with a reference electrode to carry out 
potentiometric determinations of in soil extracts or suspensions. 
Usually, the reference electrode makes contact with the K solution through 
a salt-bridge solution to form an electrochemical cell with a liquid junc­
tion and the cell emf includes a liquid-junction potential (H^) that has 
to be accounted for. According to Farrell (1985), the best reference 
electrode for routine potentiometric determinations of consists of a 
sleeve-type, double-junction reference electrode assembly with a concen­
trated LiOAc salt-bridge solution. However, it is also known (Jenny 
et al., 1950) that problems with may be worse when contacts between 
salt-bridge solutions and soil suspensions are involved. Thus, problems 
with Ej are often avoided by using cells without liquid junction. This 
is done by replacing the liquid-junction type of reference electrode 
assembly with a second ISE that responds selectively to an ion other than 
in the soil extract or suspension. The successful use of this approach 
by Davis (1955) and Wang et al. (1988) suggests it should be usable with 
exchangeable determinations as well. 
This investigation was carried out to determine the feasibility and 
merits of determining soil exchangeable by mixing soil samples with 
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replacing- salt solution and determining the exchanged in the soil 
suspensions with K-ISEs and electrochemical cells with and without liquid 
junction. 
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MATERIALS AND METHODS 
The soils used in this study included 15 surface and 15 subsurface 
samples of Iowa soils that were selected to provide a range of the ex­
changeable values normally encountered in Iowa. All the soil samples 
were passed through a 2-mm sieve and air-dried. 
The soil exchangeable was extracted with neutral 1 M NH^OAc and 
0.5 M BaClg solutions and by leaching and batch procedures. Initially, 
the extraction procedure was varied in accordance with the details set 
forth in the discussion of preliminary experiments. Thereafter, the 
leaching experiments were carried out by shaking 10-g samples of air-dry 
soil in 50 ml of the extractant for 30 min, filtering, leaching the soil 
with another 25 ml of the extractant, diluting the combined extracts to 
100 ml in a volumetric flask with more extractant, and transferring the 
extracts to polyethylene bottles for storage in a refrigerator until they 
were analyzed. And the batch procedure was limited to experiments with 
0.5 M BaClg in which 5-g samples of air-dry soil were shaken with 100 ml 
of the extractant for 1 hr and the suspensions were analyzed immediately. 
Filtrates from these suspensions were transferred to polyethylene bottles 
for storage in a refrigerator until they were analyzed. 
The extracted K in portions of the filtrates from the leaching and 
batch experiments was determined with a Perkln-Elmer Model 560 atomic 
absorption spectrometer. For these analyses, the concentrations of NH^ 
2+ 
and Ba in the standard solutions and soil extracts were adjusted to 0.2 
and 0.1 M, respectively, and Na ions were added (1000 mg L" ) to provide 
a radiation buffer. 
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Potentlometric determinations of the exchangeable in soil 
suspensions and extracts from the experiments with BaCl^ were carried 
out with K-ISEs in electrochemical cells that did or did not include 
liquid junction. The K-ISEs were prepared with a procedure similar to 
that described by Farrell and Scott (1984), but 1 mg potassium 
tetrakls(p-chlorophenyl)borate was added to the membrane mixture to 
enhance the electrode selectivity (Oehme and Simon, 1976; Ammann et al., 
1983) and the membranes were formed over holes in the ends of the PVC 
caps that were attached to the body of a Corning 476132 ISE that was 
partially filled with Corning 477590 potassium internal filling solution. 
The K-ISEs were combined with an Orion 90-02 double-junction sleeve-type 
reference electrode assembly and 10 M LlOAc salt-bridge solution (DJRE 
(LiOAc)) to form cells with liquid junction. In this cell, 
DJRE(LiOAC)//BaCl (0.5 M), KNO /K-ISE, (A) 
Ej is the outer liquid-junction potential between the LiOAc salt bridge 
and the test solution of BaClg and K salts (KNOg for the cell calibra­
tion). The cells without liquid junction were prepared by coupling the 
K-ISEs with an Orion 94-17B solid-state Cl-ISE to form the cell, 
Cl-ISE/BaClgfO.S M), KNOg/K-ISE. (B) 
The emf values of these cells (E^ and E^) were measured and related to 
the primary ion concentrations (C^ and C^^) by equations 
E* = E° + 58.6 log (C^ • f^) - Ej ( 1 )  
and 
( 2 )  
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o ' 
where includes the standard potential of the K-ISE and the potentials 
of reference element and inner liquid junction of the DJRE(LiOAc), E°' 
includes the standard potential of the K-ISE and Cl-ISE, 58.6 is the 
slope (Nernst) factor at 295.2 K and the activity coefficients of and 
Cl^ are denoted by f^ and f^^, respectively. Terms E°', E°', f^^ 
and f^ were kept constant and accounted for by using the same half-cells 
and BaClg concentration (for and ionic strength control) during the 
calibration of the cells and determination of the in soil extracts 
and suspensions. 
The K-ISE and DJRE(LiOAC) were stored in lO"^ M KCl and 10 M LiOAc 
solutions, respectively, when they were not in use. The Cl-ISE was 
allowed to dry. Then, before they were calibrated, all the ISEs were 
immersed in a 0.5 M BaClg - 10~® M KNO^ solution for 20 min. The 
calibrations were carried out with a sequence of dilute to more con­
centrated K solutions (lO"® to lO"^ M KNO^ in 0.5 M BaClg). After their 
calibration and between the sample measurements, the electrodes were 
rinsed with the 0.5 M BaCl_ - 10 ® M KN0_ solution. The values of E, and 
— 2 — 3 A 
Eg were determined with a Corning 155 pH/Ion meter and recorded when the 
rate of change was <0.2 mV min All emf measurements were performed at 
295.2 ± 0.2 K in plastic beakers with samples stirred at a constant rate 
of 340 rpm. For a direct comparison of the results obtained with the two 
cells, both reference electrodes and the K-ISE were Immersed in the same 
increment of solution or suspension and the two reference electrodes (DJRE 
(liiOAc) and Cl-ISE) were connected in turn to the meter by means of a 
multielectrode switch for the emf measurements. 
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RESULTS AND DISCUSSION 
ISE Response Characteristics 
The response characteristics of ISEs are critical for accurate 
potentlometrlc determinations of ions (Bailey, 1976). Three important 
respone parameters are involved: the potentlometrlc selectivity coeffi­
cient the lower limit of linear response (LLLR) and the limit of 
detection (LD). The values describe the ability of the ISE to dis­
tinguish between the determined or primary ion, i, and interfering ions, 
j. The LLLR specifies the minimum activity at which the Nernst equation 
applies, and the LD is the lowest ion activity that can be discriminated, 
with a 95% confidence limit, from a blank solution (Midgley, 1981). The 
LLLR and LD values vary with the intrinsic properties of the electrodes 
and Interferences imposed by the solution around ISEs. Therefore, this 
investigation was Initiated by determining the LLLR and LD values with 
the ISEs in pure salt solutions because they specify the minimum ion 
concentrations that can be used in any application of the ISEs. These 
minimum LLLR and LD values and the k^^^ values that describe the tolerance 
of the ISEs to cations that are commonly encountered in exchangeable soil 
determination are given in Table 1. 
The experimentally determined selectivity coefficients show the NH^ 
ions are the only ones that might interfere with ISE determinations of 
soil exchangeable K^. According to Farrell arid Scott (1987), a k^°^ 
KNH^ 
value of 0.01 was not good enough to avoid the effects of NH^ when a 
commercial ISE was used to determine soil exchangeable in Ba- and 
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Table 1. Experimentally determined response characteristics of the ISEs 
used in the determinations of soil exchangeable K'*' 
——g — 
a a 
LLLR LD —^^ ; r 
ISE ——————— Ba Na NOg 
K 1.8 0.2 3x10"® 2xlO"^ 4xl0"^ 
CI 33 7.2 - - - 8x10"^ 
^Determined with KNO^ for K-ISE and with KCl for Cl-ISE. 
'^Determined by using the mixed-solution method (Bailey, 1976); j is 
0.5 M Ba^*, 0.1 M Na"*" or 0.1 M NH^ for K-ISE and 0.01 M NO" for Cl-ISE. 
— — ~ 4 — 3 
NH^-extracts. They were able to circumvent the problem by modifying the 
extracts and ISE procedures, but this approach cannot be used with ISE 
analysis of soil suspensions. Therefore, an increase in the selectivity 
of the K-ISE for K^ over NH^ had to be sought and relied on instead. This 
was done by preparing K-ISEs with a valinomycin-based membrane mixture 
that contained potassium tetrakis(p-chlorophenyl)borate. This compound 
has been used by itself to prepare K-ISEs and as an additive to counter 
anionic effects on K-ISEs but was chosen here for its tendency to in-
crease the K selectivity of valinomysin-based K-ISEs (Oehme and Simon, 
1976; Anunann et al., 1983). As shown in Table 1, this procedure was 
successful in that the selectivity of the K-ISE was more than doubled by 
achieving a value of 0.004. The K-ISE also had a very low inNH . KBa 
-6 
value (4x10 ), which shows the interference from Ba^* was low enough 
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•f 2+ 
to make the exchange of soil K by Ba a feasible approach for ISE 
determinations of exchangeable K^. 
The LLLR and LD values that were determined with the K-ISE and 
Cl-ISE in solutions of the primary ion (Table 1) showed the electrodes 
provided more than enough response to handle the lowest exchangeable K* 
(5x10 ^ M) and added Cl" (1 M) concentrations that were anticipated in 
the soil extracts and suspensions. Before the exchangeable deter­
minations could be carried out, however, the performance of the ISEs had 
to be established under the conditions imposed by the extractant. 
To do so, calibration curves for the K-ISE were determined with cell B 
and a series of test solutions of BaClg and KNOg. These curves, the 
LLLR values derived from these curves and the range of exchangeable K* 
levels (2-12 mg L that were expected in the soil extracts are shown 
in Fig. 1. 
It is evident that the LLLR values depicted by the calibration curves 
varied with the concentration and source of the BaCl^ because the BaClg 
salt contained K^ Impurities. When the 0.5 M BaClg solution was prepared 
with lot A, there was enough in the BaClg to produce an LLLR value of 
7 X 10 ^ M which exceeded the minimum exchangeable K^ level of 5 x 10 ^ 
M (2 mg L ^). This problem was not circumvented by diluting the BaClg 
concentration of the solution to 0.1 M because the LLLR was thereby 
reduced to 3 x 10~^ M whereas the same dilution of soil extracts (to keep 
the BaClg the same for the calibration and application of the K-ISE) 
—5 
reduced the minimum exchangeable.K level to 1 x 10 M. On the other 
hand, the problem was resolved by preparing the 0.5 M BaClg solution 
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0.5M BaClg LOT A 
O.IMBaClg LOTA 
0.5 M BaClz LOT B 
30 mV 
12 mg L 
' 1 1 
6 5 4 3 2 
-LOG Ck (M ) 
Fig. 1. Calibration curves for K-ISE that were determined with cell B 
and test solutions of in BaCl2* Vertical solid lines denote 
the LLLR values; the vertical broken lines denote the range of 
expected exchangeable K"*" levels 
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with salt from another lot (lot B) that contained less K^. As a result, 
all the BaClg solutions for the rest of this investigation were prepared 
with lot B. 
Extraction Procedures 
Preliminary experiments, in which the exchangeable K* in soils was 
extracted with neutral 1 M NH^OAc and 0.5 M BaClg solutions and by 
leaching and batch treatments, were carried out to establish an extrac­
tion procedure that would be suitable for the subsequent use of ISE 
methods of analyzing the soil suspensions for exchangeable K^. The 
commonly used NH^OAc-leaching method provided the basis for an évalua-
2+ 
tion of the other procedures. The choice of Ba as an alternative 
cation for the exchange of K* was based on the recommendation of others 
(Golden et al., 1942; Farrell and Scott, 1987) and the observation that 
2+ 
negligible interferences from Ba are encountered with K-ISEs 
(Table 1). The concept of using batch treatments was introduced to 
circumvent the time-consuming step of leaching or filtering and to 
provide soil suspensions for the ISE determination of the exchanged K^. 
The leaching experiments were carried out by shaking 5-g samples of 
air-dry soil with 25 ml of the extractants for 30 min, filtering and 
leaching the soil with more of the same extractant until the total 
volume of the soil extract reached levels of 25 to 3dO ml. For the batch 
procedure, 5-g samples of air-dry soil were shaken for 24 hr with ex­
tractant volumes that ranged from 10 to 200 ml and filtered. The K* 
in the extracts from both procedures was determined by AAS. Similar 
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results were obtained with surface samples of Clarion and Marshall soils. 
Those for the Marshall soil are compared in Fig. 2. 
In general, the leaching method replaced more of the exchangeable 
in soils than the batch treatments with the same extractant. The 
amounts of extracted by NH^OAc usually exceeded those by BaClg as 
well; especially when the extractant volumes were small. These results 
confirmed the widely-held views that NH* replaces soil more effectively 
than other cations and the exchange of can be enhanced by reducing the 
level of replaced in the extractant (Scott and Smith, 1987). 
It is evident from the curves in Fig. 2 that no choice of extrac­
tion method could be made on the basis that specific amounts of exchange­
able exist in soils. Moreover, different combinations of the 
extractants and procedures provided a means of extracting similar amounts 
of K. Only the BaCl^-batch method, however, satisfied the requirements 
of low cation interferences and no filtration step for the ISE determina­
tion of replaced in soil suspensions. Even with this method, a choice 
about the amounts of soil and extractant had to be made. In this study, 
the selection was based on the concept of achieving about the same amount 
of exchange as occurs with the commonly used NH^OAc-leaching method. 
Farrell and Scott (1987) used a total volume of 75 ml extractant with 10 g 
soil when they determined the NH^- and Ba-exchangeable in Iowa soils 
by analyzing soil extracts with ISEs. The amount of extracted with a 
similar combination of soil and extractant (5 g soil/37.5 ml solution) and 
the NH^OAc leaching method is shown in Fig. 2. The extraction of a com­
parable amount of by the BaCl^-batch method was achieved with 5 g soil 
210 
o, 180 
o> 
+ 
X 
o 
X 
UJ 
150 
120 
• 0.5 M BoClg BATCH 
" " " LEACHING 
X 1.0 M NH4OAC BATCH 
^ " " LEACHING 
-X 
ro 
-J 
50 100 150 
TOTAL EXTRACTANT VOLUME (ml) 
200 
Fig. 2. Comparison of the amounts of exchangeable K"*" that were determined with Marshall surface 
soil, different extractants (NH4OAC, BaClg), extraction procedures (leaching, batch) and 
volumes of extractant (10 to 200 ml) 
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in 100 ml extractant. 
An equilibration period of 24 hr was arbitrarily chosen for the 
BaClg-batch experiment that yielded the results of Fig. 2. Thus, the 
relevance of the exchange period was determined in subsequent experiments 
with 5 g soil in different volumes of 0.5 M BaClg. In these experiments, 
the release of was monitored by measuring the level of dissolved In 
the soil suspensions with cell B. The results obtained with Marshall 
surface soil and different exchange periods are given in Fig. 3. It Is 
clear that longer periods were needed when the extractant'volume was 
increased, but maximum exchange was usually achieved in a 1-hr period. As 
a result, a 0.5 M BaClg-batch method with 5 g soil in 100 ml solution and 
an equilibration period of 1 hr was adopted for the ISE determinations of 
exchangeable in soil suspensions. 
Exchangeable K ^  Determinations 
Comparisons of the amounts of exchangeable that were extracted with 
different procedures and determined with ISE or AAS methods were carried 
out with 30 Iowa soil samples. First, the question of errors from liquid-
junction potentials was addressed by using cell A (with Ej) and cell B 
(without E.) with the BaCl.-batch-suspension method. As shown in Fig. 4, 
J 2 
the presence of a liquid junction had no significant effect on the 
exchangeable results. This situation can be explained in terms of the 
ionic environment of the soil suspension being dominated by the concen­
trated (0.5 M) BaClg solution and.the interface between the salt-bridge 
solution and the suspension being dominated by nearly equitransferent 
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4. Comparison of the exchangeable K"*" in 30 Iowa soils that was ex­
tracted with the 0.5 M BaCl2-batch procedure and determined in 
the soil suspensions with cells A and B 
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Ions (the transference numbers for the Ba, CI, Ll, and OAc ions being 
0.46, 0.54, 0.49, and 0.51, respectively). Obviously, either cell was 
adequate for the ISE determinations of in soil suspensions but cell B 
was used in all subsequent experiments. 
While determinations of the exchanged K were greatly simplified by 
determining the in soil suspensions, the elimination of the filtration 
step introduced uncertainties that had to be resolved. The exchangeable 
in 30 Iowa soils was therefore extracted with the 0.5 M BaCl^-batch 
procedure and the extracted in the soil suspension and filtrates from 
these suspensions was determined by ISE (cell B) and AAS methods. The 
results obtained with the suspension-ISE approach are compared with the 
filtrate-ISE results in Fig. 5 and the filtrate-AAS results in Fig. 6. 
The excellent 1:1 relationship in Fig. 5 shows the ISEs encountered the 
same environment in the suspension and filtrate for each soil. The 
correlations between the two sets of results in Fig. 5 and 6 were equally 
good but the regression curve in Fig. 6 has a slightly larger intercept 
and lower slope. These differences can be attributed to a small effect of 
indigenous NH^ on the K-ISE at low levels. In a comparison of ISE and 
AAS methods of analyzing BaClg extracts of the same soils, Farrell and 
Scott (1987) encountered much more NH^ interference. They were able to 
eliminate this problem by adjusting the pH of the soil extracts. The 
Pot 
results in Fig. 6 show a K-ISE with a k of 0.004 also resolved this 
KNH^ 
problem and made the ISE determinations of in the soil suspensions 
feasible. 
The BaCl^-batch-suspension/ISE method of determining soil exchange-
32 
300 r= 0.999 
t= 0.01 ns 
200 
w 
CO 
H 
V. 
0_ 
(fi 
3 
<0 
J 100 
X 
o 
X 
UJ 
+ 
M 
o 
m 
100 200 0 
Ba^-^EXCH K+-FILT/ISE (^g g"') 
Fig. 5. Comparison of the exchangeable K"*" In 30 Iowa soils that was 
extracted with the 0.5 M BaCl2-batch procedure and determined 
in the soil suspensions and filtrates with cell B 
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able vas given a final evaluation by comparing the results obtained 
with this method and the commonly used NH^OAc-leaching-AAS method. This 
comparison with 30 Iowa soils (Fig. 7) clearly shows the two sets of 
results were highly correlated (r = 0.996) and not significantly different 
(a = 0.05). The slope and intercept of the regression curve, however, 
confirm the implication from Fig. 6 that the BaClg-soil suspension con­
tained enough indigenous soil NH^ to induce minor errors in the determina-
4* + 
tion of low K levels by the K-ISE. While this degree of NH^ interference 
was tolerable in these experiments, there may be soil conditions where 
lower values of for the K-ISE might be useful. In any event, the 
batch treatment of soils with 0.5 M BaClg and ISE determinations of the 
extracted K in the soil suspensions provides a simple, rapid and routine 
method of determining soil exchangeable K^. 
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ABSTRACT 
Methods of characterizing the status of soils in terms of quantity-
intensity (Q/I) relationships usually entail lengthy equilibration periods, 
filtrations, and multiple analyses of the filtrates. It has been estab­
lished, however, that simpler and less time-consuming methods of deter­
mining Q/I parameters can be devised with ion-selective electrodes (ISEs). 
To this end, different ISE methods were developed and evaluated with sus­
pensions of three Iowa soils and a successive-additions method of varying 
the level of added K^. The ISE methods, which were categorized on the 
basis of the electrochemical cell involved, were tested for their appli­
cability to soil suspensions. Specifically, single-ISE (K- and Ca-ISEs 
vs. double-junction reference electrode assembly with a 10 M LiOAc salt 
bridge), dual-ISE (K-ISE vs. Ca-ISE), and triple-ISE (K- and Ca-ISEs vs. 
Cl-ISE) methods were compared to ascertain the best means of determining 
the AK (gain or loss of dissolved K) and CR (concentration ratio; C^/ 
1/2 
^^Ca+Mg^ ) terms of the Q/I relationships. The Q/I curves for the 
three soils and the specific parameters of the Q/I relationships were 
also determined with the different ISE methods. It was concluded that 
the combined approach of using the triple-ISE method with soil suspen­
sions offers the best means of carrying out simple, rapid, and liquid-
junction free determinations of potassium Q/I relationships. 
40 
INTRODUCTION 
The concept of using quantity-intensity (Q/I) relationships to char­
acterize the status of soils is well known (Bertsch and Thomas, 1985; 
Sparks and Huang, 1985) but has received limited attention because the 
commonly used methods of carrying out the determinations have been too 
laborious. Recently, however, it has been established that this situation 
can be improved by using ion-selective electrode (ISE) methods to deter­
mine the aK (gain or loss of dissolved K^) and AR (activity ratio; 
1 / 2  (*Ca+Mg) ) terms of the Q/I relationship (Parra and Torrent, 1983; Wang 
et al., 1988). With this approach, the overall Q/I procedure can be 
simplified and carried out quickly on a routine basis. Still to be 
determined, however, is the ISE methodology that is best suited for Q/l 
measurements. 
In the Q/I procedure described by Parra and Torrent (1983), a K-ISE 
in an electrochemical cell with liquid Junction was used to measure the 
concentration of potassium (C^) in soil suspensions, whereas values of 
AR were estimated from an empirical expression relating AR to the cation 
exchange capacity of the soil and the concentration of in the soil 
filtrates. Although this approach yielded Q/I results that were com­
parable to those based on analyses of soil extracts by atomic absorption 
spectrometry (AAS), uncertainties about the general applicability of this 
method of estimating AR values arose when Wang (1986) compared the esti­
mated and measured values of AR for several Iowa soils. 
It has been recommended that short equilibration periods (10 to 30 
min) be used to minimize the effects of microbial activity and release of 
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nonlabile during the determination of Q/I relationships (Moss and 
Beckett, 1971). In addition, Evangelou et al. (1986) and Wang (1986) 
demonstrated that the AR term in Q/I relationships can be replaced by a CR 
1/2 (concentration ratio: ^^/(Cg^^^^) ) term. Therefore, Wang et al. 
(1988) used a successive-additions procedure (Parra and Torrent, 1983) to 
keep the equilibration period short and characterized the Q/I relation­
ships in terms of CR values that were measured directly with Ca- and K-
ISEs in an electrochemical cell without liquid junction. This "dual-ISE" 
method (ISE(D)) provided a means of determining CRs in soil suspensions 
and extracts without errors from liquid-junction potentials (Ej), but 
relied on estimated values of C„. To obtain measured values of both C„ 
K K 
and CR, the K- and Ca-ISEs were coupled with a double-junction reference 
electrode salt bridge assembly (DJRE(SB)) in a "single-ISE" method 
(ISE(S)). However, to avoid unpredictable errors from E^ at the inter­
face between the salt bridge and the soil suspensions (Yu, 1985), the appli­
cation of this method was limited to soil extracts. 
The Q/I results that Wang et al. (1988) obtained with the ISE methods 
and soil extracts or suspensions were highly correlated with those obtained 
by AAS analyses of the extracts. Nevertheless, these methods introduce 
uncertainties about the constancy of C^^ (on which the calculation of 
in the ISE(D) method relies) and E^ that can adversely affect routine Q/I 
measurements. In this study, the relevance of these problems was addressed 
by developing a "trlple-ISE" method (ISE(T)) for their elimination and by 
comparing the applicability of the three ISE methods to soil suspensions. 
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MATERIALS AND METHODS 
Soil Samples 
Samples from the Ap horizons (0-15 cm) of three Iowa soils were se­
lected for use In this study. They Included a Marshall sllty clay loam 
(flne-silty, mixed, meslc Typlc Hapludoll) from Shelby County, a Clarion 
loam (fine-loamy, mixed, meslc Typlc Hapludoll) from Story County, and a 
Fayette silt loam (flne-silty, mixed, meslc Typlc Hapludalf) from Clayton 
County. The samples were passed through a 2-mm sieve and air-dried. 
Potentiometrlc Methods 
The electrodes used were the Corning 476132 K-selective vallnomycin-
based PVC membrane electrode (K-ISE); an Orion 94-17B solid-state Cl-
selectlve electrode (Cl-ISE); a Ca-selective ETH lOOl-based PVC membrane 
electrode (Ca-ISE), which was prepared by the procedures of Farrell and 
Scott (1984) and based on the results of Simon et al. (1978); and an Orion 
90-02 double-junction sleeve-type reference electrode assembly with a 
10 M LlOAc salt bridge (DJRE(LiOAc)). 
Various electrochemical cell arrangements were used to characterize 
the electrodes and carry out Q/I measurements with the ISE(S), ISE(D), 
and ISE(T) methods. As described by Wang et al. (1988), the ISE(S) and 
ISE(D) methods were based on electrochemical cells of the type 
DJRE(LiOAc)//CaCl-(0.01325 M), KCl(0-5 mM)/M-ISE (A) 
and 
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Ca-ISE/CaClgfO.01325 M), KCl (0-5 mM)/K-ISp (B) 
+ 2+ 
respectively, where M was K or Ca . The emf values of these cells 
(E^ and E^) were measured and the related cation concentrations (C^^) 
1/2 
and ratios ) were calculated from equations 
E^(M) = E°'(M) + 58.6 log(C^ • - Ej (1) 
and 
h ' "Vjf ' '  12,  
O ' in which E^ (M) includes the standard electrode potential of the M-ISE and 
the potentials of the internal reference element and inner liquid junction 
of the DJRE(LlOAc) assembly; E° = E® (K) - E° (Ca); 58.6 is the slope 
(Nernst) factor at 295.2 K; f„ and z„ denote the activity coefficient and 
M M 
valence of the cations, respectively; and Ej is the outer liquid-junction 
potential between the LiOAc salt bridge and the CaClg-KCl test solution. 
The CaClg-KCl solutions specified for cells A and B were used to charac­
terize the ISEs, but were replaced by suspensions of the soils in the same 
salt solutions for the Q/I measurements. 
In any application of a DJRE(SB) assembly, the inner liquid-junction 
potential between the internal reference element and the salt bridge can be 
considered constant (Hefter, 1982); thus, E° (M) and E° are constant 
terms in Eq. 1 and 2. In this study, the effects of E^ were minimized 
by using a concentrated solution of nearly equitransferent LiOAc (10 M) 
for the salt bridge and by dominating the ionic environment of the test 
solutions and soil suspensions with CaClg. Furthermore, with the ISE(S) 
approach, the effects of time-dependent variations in Ej (Yu, 1985) on 
the calculated values of CR were minimized by determining the E^(K) and 
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E^(Ca) values in a rapid sequence. 
A third ISE method {ISE(T)) was introduced to eliminate the uncer­
tainties associated with the E. effect and C calculations that are in-j K 
herent in the ISE('S) and ISE(D) methods, respectively. In this method, 
K-, Ca-, and Cl-ISEs were combined in an electrochemical cell of the 
type 
Cl-ISE/CaClgfO.01325 M), KNO^fO-S mM)/M-ISE, ( c )  
which eliminates the liquid-junction potential and yields emf values 
(Eg) that are related to the cation concentrations by the equation 
= ^c' * log(C^ . • fjj). (3) 
Rapid, sequential determinations of E^fK) and E^fCa) were carried out and 
the measured emf*s were combined to obtain CR values from the equation 
Ec(K) - Eg(Ca) = E°'(K) -E°'(Ca) + 58.6 log( V^Ca^'^ V^Ca^^ ' 
The components of cell C and Eq. 3 and 4 are defined in the same terms as 
those used with the other ISE methods, but reflect the inclusion of a 
Cl-ISE as the reference electrode. Solutions of CaClg-KNOg and suspen­
sions of the soils in the same salt solutions were used interchangeably in 
cell C. By assuming that the CI activity in the solutions and soil sus­
pensions is constant, the (C^^.f^^) and E° terms of Eq. 3 were identi­
fied as constants, and the C^ values were derived from the measured emf 
values. 
Whereas all ISE methods are based on a response of the ISEs to ion 
activities, Q/I relationships arç usually expressed In terms of con­
centrations (AK) and cation activity ratios (AR). Therefore, as proposed 
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by Evangelou et al. (1986) and Wang (1986), and in keeping with the ap­
proach of Wang et al. (1988), the AR values were replaced by CR values and 
the ISEs were calibrated in solutions of known to obtain the and 
CR values prescribed by Eg. 1-4. The ISE calibration measurements were 
carried out with a sequence of dilute to more concentrated solutions. 
The K-ISE was calibrated in 0.01325 M CaClg solutions that contained lo"^ 
to lO"^ M KCl, whereas the Ca- and Cl-ISEs were calibrated in 10~^ M KCl 
and KNOg solutions, respectively, that contained 5 x 10~^ to 5 x 10~^ M 
CaClg. Between experiments, the K-, Ca-, and Cl-ISEs were stored in 
10 ^ M KCl, 10 ^  M CaClg, and air, respectively. Before each experiment, 
the electrodes were soaked for 10 to 20 mln in a solution of 0.01325 M 
-4 CaClg that contained 10 M KCl, and between the various calibration and 
sample measurements the electrodes were rinsed with a mixture of 0.01325 
M CaCl_ and lOT^ M KCl. 
— 2 — 
The emf measurements for the ISE(S) and ISE(T) methods were carried 
out with a Corning 155 pH/Ion meter. Although this meter has only a low 
4 
Impedance (10 fi) input for the reference electrode, it was suitable for 
these measurements because both the DJRE(SB) and Cl-ISE have low impedance 
(#10^ 0). On the other hand, both the K- and Ca-ISEs have high impedance 
(10® - 10^^ fi). Therefore, a Corning 135 pH/Ion meter with a dual-ISE 
13 
option (i.e., high impedance (10 n) inputs for both electrodes) was used 
for the emf measurements with the ISE(D) method. Foif the ISE(S) and ISE(T) 
methods, sequential determinations of E(K) and E(Ca) were obtained by 
using a multlelectrode switch to make alternate contacts with the K- and 
Ca-ISEs. All cell emf measurements were carried out at 295.2 ± 0.2 K with 
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solutions or suspensions that were stirred at a constant rate (magnetic 
stirrer at 340 rpra) in polyethylene beakers. 
Q/I Procedures 
Potassium Q/I relationships were determined with a successive-
additions procedure (Wang et al., 1988). A 5.0-g soil sample (oven-dry 
weight basis) was added to 50 ml of stirred 0.01325 M CaClg solution in 
a polyethylene beaker. The electrodes were immersed in the suspension 
immediately and the cell emf was recorded for 10 min. Successive incre­
ments of 0.01325 M CaClg that contained enough KCl (KNO^ for the ISE(T) 
experiments) to increase the level to 0.20, 0.39, 0.74, 1.07, 1.94, 
3.49, and 5.00 mM were then added and the cell emf was recorded for 10 
min after each addition (the sample volume after the K* additions 
was 51, 52, 54, 56, 62, 63, and 64 ml, respectively). In all cases, 
stable emf values (AE/At < 0.1 mV 2-min ^) were attained in 3 to 7 min; 
nevertheless, a uniform 10 min equilibration period was allowed after each 
addition. 
For comparative purposes, Q/I experiments also were carried out with 
a successive-additions procedure that provided a means of using AAS in­
stead of ISE methods of analysis. Eight samples of each soil (5.0 g, 
oven-dry weight basis) were placed in polyethylene beakers containing 50 ml 
of stirred 0.01325 M CaCl^. After 10 min, one of the eight suspensions 
was filtered on a Buchner funnel with Whatman #42 filter paper and an 
increment of 0.01325 M CaClg containing a known amount of KCl was added to 
each of the remaining suspensions. At 10 min intervals, the filtration of 
47 
one suspension and addition of CaCl^-KCl to the remaining suspensions was 
repeated. By this means, filtrates from suspensions with the same K* 
levels, total volumes, and contact periods as were used in the ISE experi­
ments were obtained for AAS determinations of K^, Ca^*, and Mg^^. 
Values of (used to calculate AK) and CR for the Q/l relationships 
were derived from the ISE and AAS methods in different ways. In the 
ISE(S) method, measured values of and (cell A, Eq. 1) yielded cal­
culated values of AK and CR that were subject to the uncertain effects of 
Ej. The ISE(D) method, on the other hand, provided CR values that were 
determined directly (cell B, Eq. 2) and C^ values that were calculated 
from CRs by assuming the C^^ was constant and equal to that of the initial 
solution. The ISE(T) method yielded direct determinations of both the 
C^ and Cg^ values (cell C, Eq. 3) and also yielded calculated values of CR 
(Eq. 4) that were the same as those determined with cell B. The AAS 
method provided measured values of C , C , and C which were used to 
A cs Mg 
1/2 
calculate AK and CR (in this case, C /(C_ ) values. Plots of AK 
K Ca+Mg 
(cmol kg vs. CR (mol L were constructed for each soil. Least-
squares regression equations based on a quadratic model (e.g., AK = + 
2 
<*2 CR + CR ), but using only the data obtained with the first four or 
five levels of added K^, were used to describe the Q/I relationships and 
calculate the related parameters (Hang et al., 1988). 
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RESULTS AND DISCUSSION 
ISE Response Characteristics 
The success of any analytical determination involving ISEs is governed 
largely by the response characteristics of the ISEs. Of particular inter­
est are the Nernstian response (slope of the calibration curve); potentio-
POb 
metric selectivity coefficient (k^j , which is a measure of the ability 
of the ISE to distinguish between the determinant or primary ion, i, and 
Interfering ions, j); lower limit of linear response (LLLR, which defines 
the minimum activity at which the Nernst equation applies, specifies the 
low end of the most useful range of ISE response, and when interferents are 
present reflects the selectivity of the ISE); and response time of the ISE. 
Response characteristics of the ISEs used in the electrochemical cells for 
Q/I measurements are presented in Table 1. In solutions with ionic 
strength conditions comparable to those of the Q/I experiments, all the 
ISEs responded in Nernstian fashion (slope values in the range of 95-99% 
of theoretical) over wide ranges in determinand concentration. The LLLR 
values for the Ca- and Cl-ISEs were substantially lower than the CaClg 
concentration of 0.01325 M that was used in the Q/I experiments. Likewise, 
the LLLR value exhibited by the K-ISE was well below the minimum concen­
tration anticipated In the soil suspensions (*10"^ M). Interferences from 
•f* 2 ^ — 
the major Ions (K , Ca , and NO^) did not significantly affect the re­
sponses of the ISEs. However, NH^ interference with the K-ISE (Farrell 
2+ 
and Scott, 1987) and Mg interference with the Ca-ISE (Wang et al., 1988) 
are known to play significant roles In the electrode responses. 
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Table 1. Selected response characteristics of the ISEs used In the 
electrochemical cells for Q/I measurements 
a b a Selectivity 
Electrode LLLR ' Slope coefficient 
K-ISE 
Ca-ISE 
3.7 
3.8 
yM K"*" 
2+ 
UM Ca 
58.2 mV/pK* 
27.9 mV/pCa^* 
'KM ' 
'MK = 
2.4 
3.9 
X 
X 
10-5 
10-3 
Cl-ISE 35.9 UM Cl" 56.8 mV/pCl" Pot 
CINOg = 7. ,9 
TT 0
 
X 
Determined under constant ionic strength conditions imposed by 
0.01325 M CaCl2» 0.03312 M KNO3, and 0.01325 M Ca(N03)2 the K-ISE, 
Ca-ISE, and Cl-ISE, respectively. 
For each electrode, the upper limit of linear response was 0.1 M. 
^Determined by using the mixed-solution method (Bailey, 1976); the 
interfering ion j being 0.01325 M Ca2+, 0.01 M K"*", and 0.01 M NO3 for the 
K-ISE, Ca-ISE, and Cl-ISE, respectively. 
Theoretically, the response time of an ISE is the time interval 
necessary to achieve re-equilibration of the electrode after an initial 
steady state has been altered by a supposedly instantaneous change in the 
concentration of determinant. It depends on the experimental conditions 
(Bailey, 1976), especially the way in which the concentration is changed 
and the stirring rate, and is often defined in terms of the cell emf. 
Because the rate of change of the emf generally decreases as a function of 
time, Uemasu and Umezawa (1982) defined the response-time as the time 
interval necessary for the cell emf to reach a pre-selected differential 
quotient (AE/At). By choosing appropriately small values of AE and At, 
a realistic measure of the electrode response that is independent of 
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concentration can be obtained. Thus, in accordance with previous studies 
(Farrell, 1985; Farrell and Scott, 1987; Wang et al., 1988), the response 
time of the ISEs was defined as the time interval necessary for the cell 
emf to reach a AE/At value of 0.2 mV min"^.. In addition, the ISEs were 
considered to have achieved full response when AE/At was _< 0.1 mV 2-min~^. 
As a prelude to their use in the Q/I experiments, the response times 
of the ISEs were determined by measuring the changes in E^, E^, and E^ 
that occurred under the conditions imposed by the successive-additions 
procedure. This was accomplished by first immersing the electrodes in 50 
-4 
ml of a stirred solution of 0.01325 M CaCl. that contained 10 M KCl or 
— 2 — 
a suspension of 5.0 g soil in 50 ml of 0.01325 M CaCl^, and recording the 
cell emf for 10 mln. Successive Increments of 0.01325 M CaClg that con­
tained enough KCl (cells A and B) or KNO^ (cell C) to produce the various 
levels of the successive-additions procedure (i.e., 0.20, 0.39, 0.74, 
1.07, 1.94, 3.49, and 5.00 mM) were then added and the cell emf values 
were recorded for 10 mln after each addition. 
The time-response curves determined with cell C and CaClg-KNOg test 
solutions are presented in Fig. 1. Each KNO^ addition produced an instan­
taneous Increase in the Eg(K) values. Because the contribution of the 
Cl-ISE to the cell potential was fixed by maintaining a constant concen­
tration of CaClg, the response of cell C was attributed to the K-ISE. 
As a result, it was established that the K-ISE exhibited response times of 
30 to 40 s over the entire concentration range of interest (0.1-5.0 mM), 
and full response was achieved in 0.5 to 2 mln. Similar results were 
obtained with cell B (where the reference potential was fixed by 
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Fig. 1. Time-response curves for electrochemical cell C showing the emf 
values that were recorded for 10 min after the ISEs were im­
mersed in a CaCl2-KN03 solution and again after the K"^ level 
was increased by adding successive increments of the CaCl2-
KNOg solution 
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maintaining a constant C^^), but slightly longer response times (~60 s) 
were observed with cell A where changes in Ej probably occurred each time 
the level was changed. 
The results of time-response determinations with cells A, B, and C and 
suspensions of the Clarion soil in CaClg are presented in Fig. 2. Similar 
results were obtained with suspensions of the Fayette and Marshall soils. 
With all soils, cell A exhibited the slowest response to additions be­
cause the cell emf Included the effects of slow changes in the liquid-
junction potential. In the absence of this Ej effect (curves for E^ and 
Eg(K)), the slowest cell response generally occurred when the soil was 
first mixed with the CaClg solution and the K-Ca exchange process was 
affected by a period of soil wetting. Otherwise, it is clear from a 
comparison of the curves in Fig. 1 and 2 that the soil particles and 
the K-Ca exchange process had little effect on the cell response. Indeed, 
the results from all the suspension and solution experiments show that 
each of the cell arrangements provides an emf response that is more than 
adequate to carry out Q/I measurements with the successive-additions pro­
cedure and a 10-min interval between additions. 
2+ 
Constancy of the Ca and CI Concentrations 
Electrode response experiments with soil suspensions were also used to 
test the assumption for the ISE(D) method that the initial concentration 
2+ 
of Ca (i.e., 0.01325 M) was not affected enough by the soil to prevent 
it from being used to calculate C^ from the measured values of CR. This 
was accomplished by recording the E^(Ca) values 75 s after the soil was 
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Fig. 2. Time-response curves for electrochemical cells A, B, and C 
showing the emf values that were recorded for 10 min after the 
ISEs were Immersed in suspensions of Clarion soil in CaClg-KCl 
(or KNO3) solution and again after the K"*" level was increased 
by adding successive Increments of the CaCl2-K+ salt solutions 
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added to the CaCl^ solution and 75 s before and after each addition. 
For comparative purposes, the same experiment was carried out with CaClg 
solutions that were not mixed with soil. As illustrated in Fig. 1, small 
reductions in the cell emf (0.2 to 0.6 mV) occurred after each addition 
of to the CaClg solution. These results can be attributed to small 
changes in the ionic strength that accompanied each addition. This 
effect of additions was less evident when the ionic strength was 
stabilized (i.e., buffered) by the presence of soil (Fig. 2). Indeed, 
little change in the E^(Ca) values and thus the were observed during 
most of the suspension experiment. At the same time, however, the E^(Ca) 
values for the suspensions were enough lower than those for the CaClg 
2+ 
solutions to suggest that measurable Ca sorption by the soil must have 
occurred when the experiment was initiated. 
The data in Fig. 3 provide additional information regarding the 
2+ 
sorption of Ca that occurred when the soils were mixed with 0.01325 M 
CaClg solutions. In these experiments, the electrodes of cells A and C 
were Immersed In 50 ml of the CaClg solution and the cell emf*s were allowed 
to stabilize before the soil samples (5.0 g oven-dry weight basis) were 
added. By this means, even the Immediate effects of the soil addition 
were monitored. Although the overall changes in E(Ca) were not large 
(< 1.6 mV), the curves Illustrate that the C^^ did decrease for several 
minutes after the suspensions were prepared. Using the emf values mea­
sured at 10 min, it was calculated that the C^^ values for the Fayette, 
Clarion, and Marshall suspensions decreased from an initial value of 13.2 
to 12.5, 12.2, and 11.2 mM, respectively. However, because the Ca-ISE 
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Fig. 3. Time-response curves for electrochemical cells A and C 
shoving the changes in emf that occurred after samples of 
Fayette, Clarion, and Marshall soil were mixed with CaClg 
solutions 
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responds to the "total measureable calcium", which Includes a contribution 
2+ from Mg (Wang et al., 1988), the ISE measurements did not reflect all 
the decrease In Indeed, analyses of the soil filtrates by AAS re-
2 + 
vealed that the Ca concentrations were only 11.7, 11.9, and 10.4 mM, 
respectively; whereas the combined concentrations of Ca^* and Mg^* were 
13.3, 12.3, and 12.5 mM respectively. With these soils, at least, the 
2+ 2 + 
effects of Ca sorption on C calculations were largely offset by Mg 
In the soil suspensions. Nevertheless, the potential for differences 
2+ 
among soils in regard to their sorption of Ca and release of exchange-
2+ 
able Mg imposes a need for caution when using the ISE(D) method for 
Q/I measurements. 
A comparison of the curves In Fig. 3 also shows the E(Ca) results 
that were obtained with electrochemical cells that did (cell A) or did 
not (cell C) Include a liquid junction are similar enough to rule out the 
existence of appreciable Ej effects. The same conclusion was reached 
when the constancy of the C^^ in the CaCl^-soil suspensions was determined 
with a cell in which the M-ISE of cell A was replaced with a Cl-ISE. As 
shown by the E^(Cl) curve in Fig. 3, no change in cell emf occurred that 
could be attributed to the development of an E. or to variations in C . 
J Ci 
Moreover, the E^(Cl) values that were measured with the suspensions were 
not significantly (a = 0.05) different from those measured with CaClg 
solutions. Evidently, the problems usually anticipated with the use of 
liquid junctions in soil suspensions were essentially eliminated by using 
a concentrated (10 M) LlOAc salt bridge in combination with a CaClg . 
concentration that dominates the ionic environment with Ca^* and CI 
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(Pommer, 1967) and overshadows the surface charge effects of the soil 
particles. Moreover, the absence of any soil effects on the confirmed 
the expectation that the ISE(T) method should be one of the best methods 
of determining potassium Q/I relationships. 
Q/I Relationships 
Plots of the Q/I results obtained with the three ISE methods and the 
successive-additions procedure are compared in Fig. 4. Whereas the overall 
agreement between the three Q/I curves for each soil is excellent when 
CR values are < 0.02 (mol L the curves tend to diverge at higher CR 
values. Taking the ISE(T) curves as the reference, the location of the 
ISE(D) curves is always to the left, whereas the ISE(S) curves are gen­
erally lower and to the right. The relative position of the ISE(D) curve 
stems from small differences (nonsignificant at the 5% level) in the CR 
values, whereas the ISE(S) curves depict the combined effects of differ­
ences in the AK and CR values that are signifient (a = 0.05). These dif­
ferences are illustrated further by the results of regression analyses 
comparing the AK and CR values obtained with the various ISE methods 
(Table 2). Comparisons of the ISE(T) values with those obtained by AAS 
analyses also indicate that these Q/I parameters can be determined just as 
well with suspensions as with filtrates. 
The AK comparisons in Table 2 indicate that the ISE(S) method is sub­
ject to a source of error that is not encountered with either the ISE(T) or 
ISE(D) methods. These differenced probably stem from the liquid junction 
that exists in the electrochemical cell for the ISE(S) measurements (i.e.. 
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Fig. 4. Q/I relationships determined with the ISE(S), ISE(D), and ISE(T) 
methods; suspensions of the Fayette, Clarion, and Marshall soils; 
and the successive-additions procedure 
Table 2. Results of linear least-squares regression analysis comparing the ISE methods of charac­
terizing soil suspensions and the AAS method of characterizing soil filtrates 
Fayette^ Clarion^ Marshall^ 
Variable Comparison Slope Intercept r Slope Intercept r Slope Intercept r 
AK(cmol kg ISE(S) vs. 0.881 5x10"^ 0.995 0.895 -2 1x10 0.989 0.969 2xl0"^ 0.999 
ISE(T) 
ISE(D) vs. 0.986 5x10"^ 0.999 0.995 -6xl0~^ 0.999 0.988 -4x10 ^ 0.999 
ISE(T) 
AAS vs. 1.008 6x10"^ 0.998 0.961 -8x10"^ 0.999 0.993 -2x10'^ 0.999 
ISE(T) 
CR(mol ISE(S) vs. 1.011 -2x10"^ 0.999 1.017 -4 -2x10 0.999 1.039 -2xl0'^ 0.999 
ISE(T) 
ISE(D) vs. 0.978 -4 -1x10 0.999 0.970 -4x10 ^ 0.999 0.976 -4 -2x10 0.999 
ISE(T) 
AAS® vs. 1.005 -5 -9x10 0.999 0.964 -5 -IxlO 0.999 0.993 -4 -1x10 0.999 
ISE(T) 
®AAS determined CR values are based on the sum of the Ca^* and Mg^^ concentrations. 
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cell A), but appear to be due to physical blockage of the junction rather 
than Ej effects. If Ej contributions were Involved, deviations In Ak 
values should have been observed at all CR levels. The agreement between 
the ISE(S) and ISE(T) results obtained with CR values < 0.02 (mol , 
however, was excellent (i.e., = 0.991 + 3xl0"^, r = 
0.999 for the combined results from all soils). On the other hand, the 
ISE(S) method yielded significantly different values of Ak at the high CR 
levels that were achieved with a procedure which kept the electrodes in 
contact with the suspensions for 70 to 80 min and, thereby, could have 
promoted some clogging of the liquid junction by soil particles. Direct 
evidence for the existence of a clogged junction is not available, but 
earlier experiments with the ISE(S) and ISE(D) methods have demonstrated 
that no significant (a = 0.05) differences in AK values occurs when 
clogging is avoided by using soil filtrates with CRs as high as 0.04 
(mol L (Wang, 1986), instead of suspensions. Moreover, the effects 
of the liquid junction should cancel out when E,(K) and E,(Ca) values are 
A A 
combined to calculate CR values for the ISE(S) method. Indeed, as shown 
in Table 2, the CR values determined with the ISE(S) and ISE(T) methods 
and soil suspensions were in excellent agreement. 
Values for the Q/I parameters (CR^, PBC^, and K^) that are defined by 
Wang et al. (1988), and often used to characterize the K^ status of soils 
(Sparks and Huang, 1985), were determined by the various ISE and AAS 
methods and are compared in Table 3. Least-squares regression equations 
based on a quadratic model, but using only the data obtained with the first 
four or five levels of added K^ (i.e., at CR values <0.01 (mol l"^)^''^). 
Table 3. Parameters of the Q/I relationships determined with ISE-soil suspension and AAS-soil 
filtrate methods and a successive-additions procedure 
Fayette^ Clarlon^'^ Marshall^ W/ i 
method CR 
o 
PBC 
o «L 
CR 
o PBC J, CR o PBC o 
ISE(S) 0.0018a 56.2a 0.112a 0 .0030a 75.5a 0.279ab 0.0060a 35.2b 0.244a 
ISE(D) 0.0017a 54.0a 0.097c 0 .0031a 73.5a 0.294a 0.0060a 35.6b 0.230a 
ISE(T) 0.0018a 53.8a 0.108ab 0 .0031a 72.3a 0.274ab 0.0062a 36.5ab 0.237a 
AAS 0.0018a 53.6a 0.106b 0 .0030a 73.8a 0.257b 0.0063a 39.2a 0.229a 
= (mol L PBC^ = cmol kg ^ /(mol L and = cmol kg 
^Within columns, means followed by the same letter are not significantly different at the 5% 
level by Duncan's multiple range test. 
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were generated to describe the Q/I relationships (Wang et al., 1988) and 
mean values of the Q/I parameters were derived from the regression equa-
tiosn for each set of results. Agreement between the ISE results was 
excellent (no significant differences in 25 of 27 comparisons), especially 
between the ISE(T) and ISE(S) results (no significant differences). Again, 
the AAS data were included in the comparisons to demonstrate the excellent 
agreement between the results obtained with suspensions and filtrates 
(there were significant differences in only 5 of the 27 comparisons, but 
none in those involving the ISE(T) method). In general, the ISE methods 
were more reproducible than the AAS method, as indicated by lower coeffi­
cients of variation for the CR (2.1% vs. 5.6%), PBC ' (2.2% vs. 3.0%), and. 
o o 
Kj^(2.4% vs. 4.2%) values. Moreover, there were no significaftt differences 
in the coefficients of variation for the different ISE methods. 
In summary, the LLLRs, selectivities, and rapid response times of the 
K- and Ca-ISEs make potentiometric methods ideal for monitoring K-Ca 
exchange reactions and, hence, make the ISE successive-additions method 
of determining Q/I relationships very attractive. Similar results can be 
obtained with the different electrochemical cells, but the ISE(T) method 
offers distinct advantages: (1) it eliminates liquid junctions, (2) it 
+ 2+ yields direct determinations of both the K and "total measureable Ca " 
in the suspensions, (3) it provides for the direct or indirect determina­
tion of the concentration ratios, and (4) it does not require any 
special modification of the pH/mV meter. 
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SECTION III. EFFECTS OF EXPERIMENTAL PROCEDURES ON THE 
DETERMINATION OF POTASSIUM Q/I RELATIONSHIPS 
66 
ABSTRACT 
The potassium status of soils is often described in terms of 
quantity-intensity (Q/I) relationships. The method of carrying out Q/I 
measurements, however, is not always the same. The nature and relevance 
of these experimental variations are considered in this investigation. 
In a comparison of different ways of equilibrating soil samples with 
different levels of added it was observed that a successive treatment 
of soil with increments of added and 10-min equilibration periods 
yielded the same Q/I results as single additions of the entire amount of 
and a single follow-up equilibration period of 10 min. Increasing the 
equilibration period for each level of added K^, however, enhanced the 
degrees to which was released or adsorbed by the soil samples. Most 
of the gain or loss of K (AK) in the soil solution occurred within the 
first 10 min of the equilibration period. Also, it was established by 
regression analysis that the Q/I results for 32 Iowa soils were highly 
correlated when 10-min and 18-hr equilibration periods were used. 
These correlations were even better when the results for surface and 
subsurface samples of the soils were considered separately. 
In a comparison of the Q/I relationships for soil samples from differ­
ent parts of the soil profile, it was found that increases in soil depth 
generally increased the potential buffering capacity (PBC^) but had no 
consistent effect on the other Q/I parameters. The depth of the soil 
samples also modified the effects of different equilibration periods on 
the Q/I results. Changes in the low CR region of Q/I curve, for in­
stance, show the 18-hr equilibration periods usually induced less 
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release In the subsurface soils. This distinction between the surface 
and subsurface results can be attributed to the reversion of that 
was released when the soil samples were air-dried. On the other hand, 
the top part of the Q/I curve shows an increase in the equilibration 
period from 10 min to 18 hr had little effect on the sorption of added 
by the surface soil samples but had a profound effect on amount of K* 
sorbed by the subsurface soils. These results reflect the effects 
of more K fixation occurring in the subsurface soils by a slow 
diffusion-controlled process. When these effects of K fixation and K 
reversion on the Q/I measurements are combined it is evident that the 
I 
PBC^ values vary the most with the Q/I procedures. This means the Q/I 
procedures have more significance when the results are assessed in terms 
of the long-term ability of soils to supply K to crops. 
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INTRODUCTION 
Ion exchange equilibria in soils play an Important rôle in governing 
the ability of a soil to supply a particular nutrient to plants. In 
order to characterize such exchange equilibrium for K, Beckett (1964) 
introduced the concept of quantity-intensity (Q/I) relationships. Using 
these Q/I relationships as a basis, many workers have made various fer­
tilizer recommendations for different field practices and soils in various 
regions (Fergus et al., 1972; Singh and Jones, 1976; Sinclair, 1979; 
Sparks and Liebhardt, 1981; Lin, 1987; Evangelou and Blevins, 1988). 
The determination of Q/I relationships for K* in soils Is usually 
accomplished by equilibrating a number of subsamples of the same soil with 
a series of CaClg solutions that contain different amounts of KCl or KNO^. 
The gain or loss of (AK) by the soil solution during the equilibration 
periods constitutes the quantitative term (Q), whereas the cation activity 
1/2 
ratio (AR), usually a /(a , „ ) , in the equilibrated solution gives 
A La + Mg 
the Intensity factor (I) of the relationship. The typical Q/I curve is 
usually constructed by plotting M against AR (Beckett, 1964). However, 
Evangelou et al. (1986) and Wang (1986) suggested the use of concentration 
ratio (CR) instead of AR for the Q/I expression because they found the 
activity coefficient ratios for the AR calculation did not vary in the 
solution where the ionic strength was dominated by the CaClg concentration. 
Even though the Q/I approach was known to be useful in understanding, 
characterizing and evaluating the K fertility status of soils, its de­
termination has been deemed too laborious for routine soil testing 
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(Flossman and Richter, 1973; Quemener, 1979; Bertsch and Thomas, 1985). 
To simplify the conventional procedure, Barrow (1967) developed a rapid 
two-point Q/I method but it was found that the method tended to over­
estimate the AR for K (Moss, 1969). Recently, a different approach has 
been developed by using a successive-additions procedure and a rapid 
method of determining the ion concentrations with ion-selective electrodes 
(ISEs) (Parra and Torrent, 1983; Wang et al., 1988). The advantages of 
this approach are the reductions in time that are required for the Q/I 
procedure and the feasibility of carrying out the measurements in soil 
suspensions (Wang, 1986). 
Many studies have been carried out to investigate the effects of dif- • 
ferent experimental procedures on the Q/I results for soil K (Beckett, 
1964; Barrow et al., 1965; Beckett and Nafady, 1967; Ehlers et al., 1967; 
Le Roux and Sumner, 1968; Sparks and Liebhardt, 1982; Pasricha, 1985). 
The length of the equilibration period is one of the main factors that has 
been considered (Beckett and Nafady, 1967; Ehlers et al., 1967; Le Roux 
and Sumner, 1968). Even though Moss and Beckett (1971) recommended the 
use of short equilibration periods (10-30 min) to minimize microbial 
activity, other equilibration periods have been employed in different 
studies (Beckett, 1964; Sparks and Liebhardt, 1981; Parra and Torrent, 
1983; Evangelou and Blevlns, 1988). As a result, Wang et al. (1988) 
raised the question as to which equilibration period should be used for 
the Q/I procedure. In this Investigation, this question was given 
further consideration in a more extensive look at the effects of various 
procedures on the determination of Q/I relationships. 
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MATERIALS AND METHODS 
Soil Samples 
Samples used in this study were taken from 19 surface (0-15 cm) and 
13 subsurface (30-45 cm; 75-100 cm) locations in the profiles of 32 
Iowa soils. All the samples were air-dried and passed through a 2-mm 
sieve before use. 
Q/I Procedure 
Potassium Q/I relationships were determined with an ISE-triple 
(ISE(T)) potentiometric method and various ways of equilibrating the 
soil with added in 0.01 M CaClg solutions. In the ISE(T) method, a 
K-ISE, a Ca-ISE and a Cl-ISE were combined in an electrochemical cell 
of the type 
Cl-ISE/CaClg, KNOg/M-ISE 
and the cell emf values (E(M)) were related to the ion concentrations 
by the equation 
E(M) = E°'(M) + 58.6 log (C^ • f^)^^^M (C^^ • f^^) (1) 
in which, M denotes or Ca^*; E°' is the combined standard potential 
of the two ISEs; 58.6 is the slope (Nernst) factor at 295.2 K; C and f are 
the ion concentrations and activity coefficients; and represents the 
valence of ion M, respectively. It was assumed that the Cl" concentra­
tion and ionic strength of the soil extracts and suspensions were deter­
mined by a fixed level of CaClg. Therefore, the values of f^^ and f^ 
as well as the E°' term in equation 1 were treated as constants to derive 
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values of (to calculate AK) from E(K) measurements. The concentration 
ratio (CR) values were calculated from the values of E(K) and E(Ca) that 
were determined sequentially with a multielectrode switch connection be­
tween the M-ISE and a pH/ion meter. This calculation was based on the 
equation 
E(K) - E(Ca) = E°'(K) - E°'(Ca) + 58.6 log (cyc^g^)"(fyfgg^) (2) 
and the assumption that the E°* and f values were constant. 
The Q/I experiments were carried out with the successive- and 
conventional single-additions procedures that have been described by 
Wang et al. (1988). With the successive-additions procedure, a 5.0-g 
soil sample (oven-dry weight basis) was mixed with 50 ml 0.01 M CaClg 
solution in a polyethylene beaker and the electrodes were immersed in the 
suspension immediately. The cell emf was recorded for 10 min. Then, 
successive increments of 0.01 M CaClg that contained enough KNO^ to 
increase to 0.2, 0.39, 0.74 and 1.07 mM were added and the cell emf 
was recorded for 10 min after each addition. On the other hand, for the 
conventional single-addition procedure, separate 5.0-g samples of soil 
were placed in polyethylene bottles that contained 50 ml of a solution 
that had a CaClg concentration of 0.01 M and a 0.0, 0.2, 0.39, 0.74 or 
1.07 bM concentration of KNO^. The soil suspensions were shaken for 
30 min with a reciprocating shaker (30 oscillations per min) and allowed 
to equilibrate for 18 hr. The emf values for each suspension were mea­
sured at the end of this equilibration period. In all cases, the 
potentiometric measurements of were carried out with suspensions that 
were stirred at a constant rate of 340 rpm and maintained at a constant 
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temperature of 295.2 ± 0.2 K (22°C). 
The Q/I curves were constructed from the AK and CR results 
(Evangelou et al., 1986; Wang, 1986; Wang et al., 1988). The equilibrium 
I 
concentration ratio (CR^), potential buffering capacity (PBC^) and ex­
changeable K (Kj^) values were estimated from a computer-generated quad­
ratic model that described the Q/I relationships for each soil (Wang 
et al., 1988). 
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RESULTS AND DISCUSSION 
Equilibration Period 
A recently developed successive-additions procedure offers a simpli­
fied means of carrying out routine determination of soil K Q/I relation­
ships (Parra and Torrent, 1983; Wang et al., 1988). According to Wang 
et al. (1988), this successive-additions procedure requires much less 
time, but it also produces different results from those determined with 
the commonly used single-addition procedure. It was not clear whether 
these differences in Q/I results were due to the effect of different ways 
of adding the K (successive additions vs. single additions) or the effect • 
of the different equilibration periods that are employed in the two pro­
cedures (successive 10-mln periods vs. one 18-hr period). Therefore, a 
study was initiated to determine the effects of the successive-additions 
procedure on the Q/I relationships. To do so, the successive-additions 
procedure was compared with a single-addition procedure in which separate 
soil samples were equilibrated with one increment of CaCl^-KNO^ for 10 rain. 
Similar results were obtained with Clarion, Fayette and Marshall surface 
soil samples. Those for the Clarion soil are presented in Fig. 1. 
Clearly, the two procedures yielded essentially the same results. This 
means the distribution of in the suspension was determined by the level 
of K in the CaCl^ solutions, not the way the K additions and 10-min 
equilibration treatments were carried out. Therefore, it is more likely 
that the difference in Q/I results from the successive-additions and 
conventional single-addition procedures (Wang et al., 1988) should be 
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Fig. 1. Comparison of the Q/1 relationships obtained for Clarion surface soil with the successive-
additions and the single-addition procedures in which the same equilibration period of 
10 min was employed after each KNO^-CaCl^ addition 
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attributed to the differences in the equilibration period employed. 
The effects of varying the equilibration period In Q/I measurements 
has been noted by several workers (Ehlers et al., 1967; Le Roux and 
Sumner, 1968). However, there has been no attempt to interpret these 
effects in terms of the way Q/I measurements can be used as a routine 
soil-test procedure with relatively short equilibration periods. To ob­
tain this Information, it was necessary to first determine the general 
effects of equilibration periods on Q/I measurements. A single-addition 
procedure in which separate soil samples were mixed with different 
amounts of were equilibrated for periods of 3, 5, and 10 min and 1, 
18, and 48 hr. The results obtained with the Clarion surface soil 
(Fig. 2) show the main effect of an increase in the equilibration period 
was one of increasing the sorption of added at the higher CR levels. 
When the CR values were low, an increase in equilibration period had 
little effect on the exchange of by the added Ca^*. In general, the 
effects of the equilibration period on the Q/I curves are similar to 
those of Ehlers et al. (1967) but different from those of Le Roux and 
Sumner (1968). 
It is evident that the rate of change in Q/I curves decreased with 
increasing equilibration time. This observation was substantiated by 
monitoring the changes in AK that occurred after three levels of added 
KNOg in 0.01 M CaClg were mixed with the soil (Fig. 3). It is clear 
that the adsorption of added K (from the 2.00 and 4.50 mM solutions) 
+ 2 + 
and the exchange of K by Ca (in the CaCl^-O.Ol mM KNO^ solution) were 
very fast and approached an equilibration state within the first 6-8 min 
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regardless of initial level of added K^. After the initial rapid change 
in Ak, reactions involving in the soil solution continued at a very 
slow rate. These distinctly different reaction rates were even more evi­
dent in the results for the Marshall surface soil (Fig. 4). Similar re­
sults were also reported by Jardine and Sparks (1984) for a Delaware 
Evesboro soil. Obviously, the equilibration time does affect Q/I deter­
minations and the degree of these effects vary with the soil. 
To compare the effects of short (10 min) and long (18 hr) equilibra­
tion periods on the Q/I results for different soils, 32 surface and sub­
surface samples of Iowa soils were selected from different locations in 
Iowa and characterized with the successive-additions and the conventional 
single-addition procedures. The results of these comparisons for three 
Q/I parameters are presented in Fig. 5-7. These comparisons were carried 
out with the successive-additions procedure instead of the 10 min single-
addition procedure because it yielded the same results and it was 
simpler and more suitable for routine soil testing. As demonstrated in 
Fig. 5-7, the Q/I parameters obtained with the two equilibration periods 
(18 hr and 10 min) were highly correlated, particularly for the CR^ and 
K results (r = > 0.974). The correlation coefficient for the PBC was Jj — o 
slightly lower (r ^ 0.901). Also, it is evident from the shapes of the 
regression curves and the coefficients of the regression equations that the 
I 
equilibration period had greater effect on PBC^. This was verified by 
subsequent statistical tests with the means of the various parameters 
(using all data points for all soils), in that the mean of the PBC 
o 
values obtained with the 18-hr equilibration period were significantly 
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higher (a= 0.05) than those for the 10-min equilibration period. On the 
other hand, the means of CR and K. obtained with two equilibration 
o h 
periods were not significantly different even though the 18-hr equilibra­
tion period generally yielded slightly higher K_ and lower CR values 
L O 
# 
than the 10-min equilibration. Clearly, the PBC^ measurements are more 
sensitive to changes in the equilibration period than the other Q/I 
parameters. 
Surface and Subsurface Soils 
Differences in retention characteristics of surface and subsur­
face samples of soils have been reported (Ndlaye and Yost, 1989). 
However, the effects of depths in the soil profile on K Q/I relationships 
is not well known. Therefore, Q/I measurements were carried out with soil 
samples from different depths in several soil profiles and the successive-
additions, procedure. The,results for three soils in Fig. 8-10 and Table 1 
typify the Q/I Information obtained with several Iowa soils. 
The Q/I curves for the Marshall soil (Fig. 8) moved to the left and 
exhibited more divergence at the higher CR levels when the soil depth 
Increased. The situation for the Tama soil (Fig. 9), however, was just 
opposite, in that the Q/I curve shifted to right and more curve divergence 
occurred at the lower CR levels when the sample depth Increased. As shown 
by the Seymour curves in Fig. 10, the effects of soil depth on the Q/I 
curves can also be quite erratic and large. In all cases, the slope of 
I 
Q/I curve at AK = 0 (PBC^) increased with the soil depth even though 
various changes occurred at the top and bottom parts of the curves. As 
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Table 1. Comparison of Q/I parameters determined with soil samples from different profile 
depths and the 10-min successive-additions procedure 
Soil 
depth 
(cm) CR 
Marshall 
PBc" 
a,b 
K. CR 
Tama 
PBc' 
a,b 
CR. 
Seymour 
PBc' 
a,b 
0-15 0.0042a 83.8c 0.391a 
30-45 0.0040b 87.8b 0.364b 
75-100 0.0035c 104 a 0.322c 
0.0023c 68.7c 0.166c 
0.0028b 78.3b 0.234b 
0.0034a 93.0a 0.319a 
0.0028b 83.2c 0.242c 
0.0036a 131 b 0.462a 
0.0019c 201 a 0.376b 
^Within columns, means followed by the same letter are not significantly different at the 
5% level by Duncan's multiple range test. 
= (mol I. PBC^ = cmol kg V(inol L and = cmol kg 
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shown in Table 1, the changes in the PBC^ values were significant (a = 
0.05). By contrast, the effects of soil depth on the CR and K, values 
o L 
varied from soil to soil. 
The observations that surface and subsurface samples of the same soil 
yield different Q/I relationships led to another look at the relevance 
of the equilibration periods that are used in their measurements. The 
Q/I data in Fig. 5-7 are presented again in Fig. 11-13 but the results 
for the surface and subsurface samples are segregated for the comparisons. 
By this means it was found that differences in the Q/I status of surface 
and subsurface soil stem from an effect of the equilibration period. In 
general, the correlation coefficients between 18-hr and 10-min results 
for surface soils were equal to or higher than those for subsurface soils 
(0.988 vs. 0.945, 0.954 vs. 0.957, and 0.991 vs. 0.931 for CR , PBc', 
o o 
and respectively). This means the effect of the equilibration period 
is more uniform when surface soil samples are involved. This difference 
in uniformity probably stems from the long-term effects of direct and 
similar agricultural practices with the surface soils. It is also evident 
from the regression equations that the relationships between the Q/I re­
sults for the two equilibration periods were closer to 1:1 when surface 
samples were tested. Additional statistical tests showed that the means 
of the Q/I parameters that were obtained with two equilibration periods 
were indeed not significantly different (a = 0.05) for surface soils. 
A comparison of the results for the subsurface soils shows the mean CR 
o 
and K values for the two equilibration periods were not significantly 
L 
t 
different, but the mean of PBC^ results for the 18-hr equilibration period 
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was significantly higher than the mean for the 10-min experiments. These 
results support the earlier conclusion that subsurface soil is more af­
fected than surface soil by the equilibration period that is used in the 
ÎC Q/I determinations. 
Soil Rewettlng Effects 
Having established the fact that the effects of equilibration periods 
on the Q/I results varies with soil depth, attention was shifted to the 
mechanisms involved. To this end, Q/I curves for surface and subsurface 
soil samples were determined with 10-min and 18-hr equilibration periods 
and compared. As seen in Fig. 14, the equilibration period had little 
effect on the Q/I curves for surface soil. On the other hand, the Galva 
subsurface results in Fig. 15 show the 18-hr equilibration induced sig­
nificantly more adsorption of added when the CR was high and less 
release of soil K when the CR was low. Indeed, the increase in the 
equilibration period led to a decrease in the dissolved K instead of the 
slight increase that occurs with surface soils and low CR values. To 
explain these results, it should be noted that Iowa soils release to 
an exchangeable form when they are dried and exhibit a reversion of this 
released when the air-dry soils are rewet with H^O (Hanway and Scott, 
1957). Moreover, more release and reversion of K usually occurs in sub­
soil samples. The degree of reversion also increases with the period 
of rewettlng. The soils used in this investigation were air-dry. Thus, 
a reversion of no doubt occurred when the surface samples were rewet 
with the K^-free CaClg solution and the amount of reversion Increased when 
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Fig. 14. Comparison of the Q/I relationships determined with 10-min and 18-hr equilibration 
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the equilibration period was increased from 10 min to 18 hr. 
To test this hypothesis, Galva and Monona subsoil samples were rewet 
with delonized H^O for 18 hr before they were subjected to measurements. 
The Q/I relationships for these rewet samples were determined with the 
successive-additions procedure and the results were compared to those 
determined with the same procedure and soil samples that were not sub­
jected to the HgO treatment. As shown in Fig. 16 and 17, the soil samples 
that were prewet with H^O for 18 hr produced quite different 10-min Q/I 
curves than those for samples that were not prewet. Obviously, less K* 
release was observed when the occurrence of reversion was allowed to 
occur for 18 hr before the samples were mixed with the low solution of 
CaClg. On the other hand, a comparison of the results for the high CR 
levels in Fig. 15 and 16 shows the combined effects of the contact periods 
of soil with HgO and CaClg must be considered. To do so, Q/I curves were 
determined with air-dry and 18-hr prewet surface and subsoil samples of 
Marshall soil. Q/I measurements with both samples were carried out with 
the 10-min successive-additions and 18-hr single-addition procedures. 
As shown in Fig. 18, similar AK values were obtained with the 
18-hr and 10-min equilibration periods when rewet subsoil samples and low 
CR values were used. These results show a reversion of the previously 
released occurred in the soil during the 18-hr exposure to H^O and 
the reverted was strongly enough held by the clay minerals to resist 
2+ 
exchange by Ca when the rewet soil was mixed with CaClg for 18 hr. On 
the other hand, relatively little reversion occurred when the pre-
wetting treatment was omitted and the air-dry samples were mixed with 
0.9 
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Fig. 16. Comparison of the Q/I relationships obtained with 10-min equilibration period for 
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2+ 
the CaClg solution for 18 hr. Evidently, the Ca provided enough 
competition for the K^-fixlng sites to block the reversion process. It 
is also evident in Fig. 18 that the same equilibration periods yielded 
similar results when the CR values were high and the prewetting step was 
included or not. Obviously, the effects of prewetting the soil were 
overshadowed by the adsorption of during the lO-min and 18-hr equili­
bration periods with CaClg solutions that contained more K^. As a result, 
the AK values at the higher CR levels were determined by just the length 
of the equilibration period. Beckett and Nafady (1967) suggested the K-Ca 
exchange in soils is often governed by a very slow diffusion-controlled 
process of fixation by specific sites which are located in the wedge-
shaped Interstices of the weathered edges of micaceous minerals (Rich 
and Black, 1964). This slow diffusion-controlled adsorption of K* 
probably accounts for the effects of the equilibration period on the 
Q/I curves in Fig. 18. 
In a parallel experiment with Marshall surface soil samples (Fig. 
19), the potassium Q/I relationships were not greatly affected by either 
the rewetting treatment or the different contact periods. This result 
could be expected because the potential for K reversion (Hanway and 
Scott, 1957; Scott and Smith, 1987) and the exposure of specific sites for 
adsorption (Sparks and Llebhardt, 1982) are reduced in surface soils 
by the presence of higher levels of exchangeable K^. Overall, it is 
evident that the 10-min equilibration periods yield Q/I results that are 
comparable to those obtained with 18-hr equilibration periods, with 
either procedure, it is necessary to separate the results obtained with 
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surface and subsurface soil samples for a proper Interpretation and 
evaluating of their Q/I relationships because they are affected by 
different factors. 
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SUMMARY AND CONCLUSIONS 
Soil potassium (K) continues to attract a great deal of attention 
because it plays an essential role in agriculture. However, some of the 
current methods of characterizing the levels and dynamics of soil K, 
especially the portion that is available to plants, are deemed to be 
laborious and time-consuming. With the advances in ion-selective elec­
trode (ISE) technology, this situation has been changing because many new 
ways of assessing soil K have opened up. Thus, this study was initiated 
to develop, compare and Improve various potentlometric methods of char­
acterizing soil K. The results are presented in three sections with new 
Information about the practical applications of ISE methods in soil K 
research. One of these sections deals with the development and evaluation 
of a potentlometric method for determining soil exchangeable in soil 
suspensions. Another section provides a comparison of the ways ISE 
methods can be used to determine soil K Q/I relationships. And the, 
final section describes the effects of experimental procedures and other 
factors on the Q/I relationships for soil K that are determined with 
ISE methods. 
Section I verifies the feasibility of using a BaClg batch method to 
obtain spil suspensions for potentlometric determinations of soil ex­
changeable K. This approach satisfies the need for minimum interferences 
with the K-ISEs and the avoidance of any filtration step. While BaClg 
solutions, and the batch procedure do not extract the soil K as effectively 
as NH^OAc solutions and a leaching procedure, it was established that 
essentially the same exchangeable K results can be obtained by using an 
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appropriate ratio of soil and extractant. By evaluating the poten-
tiometric methods with 30 Iowa soils, it was found that electrochemical 
cells with liquid junctions (a double junction reference electrode with 
a 10 M LiOAc salt bridge being used as the reference electrode) or without 
liquid junction (a Cl-ISE being used as the reference electrode) are 
equally suitable for dissolved determinations in 0.5 M BaClg-soll 
suspensions. This situation exists because the dominating effects of 
0.5 M BaClg on the ionic environment of the suspension and the equl-
transference of the LlOAc salt bridge minimized the effects of liquid-
junction potentials. The suspension yielded the same potentiometrically 
determined K results as the filtrate as long as the ionic environments of 
the two systems were similar. Moreover, the results obtained with a K-ISE 
that had a selectivity of 0.004 for K over NH^ showed the interfering 
effects of indigenous NH^ in the soil can be minimized enough to make it 
possible to determine the exchangeable soil in soil suspensions. In 
addition, BaClg salts with low impurities proved to be essential for 
the determination of the lowest exchangeable levels In the soil 
suspensions. It was concluded that 1-hr batch treatments of 5-g samples 
of soil in 100 ml neutral 0.5 M BaClg and ISE analyses of the soil sus­
pensions yield exchangeable K results that are comparable to those 
obtained with the commonly used procedure of leaching the soil with 
neutral 1 M NH^OAc and determining the in the leachates by atomic 
absorption spectrometry (AAS). 
In Section II, potentlometrlc methods based on single-ISE (K-, and 
Ca-ISEs vs. DJRE(LiOAC)), dual-ISE (K-ISE vs. Ca-ISE), and trlple-ISE 
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(K-, and Ca-ISEs vs. Cl-ISE) combinations for the determination of 
potassium Q/I relationships were compared. For these determinations, 
a successive-additions procedure was used, in that a single soil sample 
was equilibrated in a CaClg solution and K levels that were increased by 
adding successive increments of CaCl^-KCl or KNOg. Although the single-
ISE (ISE(S)) and dual-ISE (ISE(D)) methods gave the same results as those 
obtained by AAS analysis of the filtrates of three Iowa soils, it was 
evident that they introduce some uncertainty about errors from liquid-
junction potentials and the adsorption of added Ca by the soil suspen­
sions, respectively. A newly developed trlple-ISE (ISE(T)) method, 
however, proved to be the best for thé potentiometric determination of 
potassium Q/I relationships in that (1) it eliminates liquid junction, 
(2) it yields direct determinations of both and Ca^^ in the suspen­
sions, (3) it provides for the direct and Indirect determination of the 
concentration ratios, and (4) it does not require any special modification 
of a meter for the emf measurements. 
In Section III, effects of equilibration period, sample depth in the 
soil profile, and sample rewettlng on potassium Q/I relationships were 
characterized with the ISE(T) method that was developed in Section II and 
the relevance of different procedures for the additions and equilibra­
tion steps of the Q/I determinations was established. It was shown that a 
successive-additions method for the treatments yielded the same Q/I 
results as a single-addition procedure when an equilibration period of 
10 min was interjected between the additions of both procedures. In­
creasing the equilibration period enhanced the effects of release and 
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adsorption on the Q/I results for surface soils. However, it was 
established that the magnitude of these effects of the equilibration 
period varied with the sample depth in the soil profile. In general, 
at low levels of CR, an increase in the equilibration period had opposite 
effects on the subsurface and surface soil results. These differences 
stemmed from varying degrees of reversion that occurs when dried Iowa 
soils are rewet with H^O or, in this case, with the CaClg solutions that 
had low levels of K^. When the CR values were high, an increase in the 
equilibration period from 10 min to 18 hr had the same type of effect on 
the subsurface and surface samples, but the magnitude of this effect 
with the subsurface samples was much more profound. From the correlation 
between the various Q/I results, it was concluded that the 10-min and 18-
hr equilibration periods yield essentially the same Q/I information about 
soils but the results for surface and subsurface soils are better under­
stood if they are evaluated separately. 
It is clear from the overall results of this investigation that the 
filtration step can be eliminated when soil measurements are carried 
out with ISE methods. Moreover, it has been established that electro­
chemical cells without liquid junction provide the best means of deter­
mining the dissolved in soil suspensions and thereby the exchangeable 
and Q/I parameters for K in soils. Fortunately, electrochemical 
cells with liquid junction can be coupled with a 10 M LiOAc salt bridge 
to obtain similar results if the salt level of the soil suspension 
is comparable to a 0.01 M CaClg solution. In addition, this study has 
demonstrated the feasibility of using ISE methods to monitor the 
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kinetics aspect of exchange in soils. It is expected that this work 
will promote further research on the quantitative characterization of 
soil with simple, rapid and ingenious ways of using ISEs. 
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